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Abstract 
Most capture technologies, today, are associated with large energy penalties, thus decreasing their economic viability. Efficiency is one of the 
most important feature when designing and selecting power plants with CO2 capture. Oxygen mixed conducting membranes (OMCM) that 
separate oxygen from air can be used to develop oxy-combustion concepts to capture carbon dioxide with a small energy penalty.  This high 
temperature membrane is combined with two heat exchangers (a low temperature and a high temperature one) on either end of the membrane 
and a combustor to form a MCM reactor that can replace the combustion chamber in a traditional gas turbine. The MCM reactor is integrated in 
five power cycles to provide flexibility, both in the extent of carbon capture and in different process schemes such as polygeneration.  
Thermodynamic evaluations for five concepts utilizing the MCM technology have been presented. The modeling results show that these 
concepts offer efficiencies in the range 49-55% including CO2 compression to 110 bar, and 85-100% CO2 capture. These concepts have the 
highest efficiencies of all previously published results for large-scale power cycles using natural gas as fuel. 
 
© 2008 Elsevier Ltd. 
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1. Introduction 
Climate change is a serious problem facing our generation. Parry et. al. [1] in the IPCC fourth assessment report conclude, 
with a very high confidence level, that this is caused by increasing emissions of Green House Gases (GHG) into the earth’s 
atmosphere due to human activities, of which carbon dioxide is the most significant anthropogenic GHG.  Combustion of fossil 
fuels for power generation is one of the main contributors to carbon dioxide emissions. There is significant research being 
undertaken to capture carbon dioxide from power plants. The various capture methods can be broadly classified into the 
following three groups: 
 
1. Pre-combustion concepts – fuel carbonization and subsequent burning of hydrogen 
2. Post-combustion concepts – tail-end carbon dioxide capture solutions such as amine scrubbing 
3. Integrated oxy-combustion concepts – combustion is carried out in pure oxygen or oxygen-enriched environment 
instead of normal air so that the exhaust gas contains only carbon dioxide and water and can be relatively easily 
separated. 
 
Most capture technologies are associated with large energy penalties, thus decreasing their economic viability. Efficiency is 
one the most important feature when designing and selecting power plants with carbon dioxide capture.  
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2. Oxygen Mixed Conducting Membrane (MCM) reactor  
Mixed conducting membranes that separate oxygen from air can be used to develop oxy-combustion concepts that capture 
carbon dioxide with a small energy penalty. The membrane is made from materials possessing both ionic and electronic 
conductivity. The transport mechanism in the OMCM is surface adsorption followed by decomposition into ions. Oxygen ions 
are transported by occupying vacancies in the membrane structure as shown in Figure 1a. The ion transport is counterbalanced by 
the simultaneous flow of electrons in the opposite direction, from the permeate side to the retentate side of the membrane.  The 
driving force is the partial pressure differences between the air and a sweep stream of re-circulated gas. 
 
 
Figure 1: a) Schematic drawing of the Oxygen Mixed Conducting Membrane Griffin et. al. [2]  b) Schematic drawing of the MCM reactor 
 
The high temperature OMCM is combined a high temperature heat exchanger (HTHX), a low temperature heat exchanger 
(LTHX) and a combustor to form an MCM reactor. The LTHX, used to preheat the air to initiate oxygen transport through the 
membrane, and the HTHX , used to utilize the heat in the sweep gas, are placed on either end of the OMCM as shown in Figure 
1b. The MCM reactor replaces the combustor in a traditional gas turbine. This MCM reactor is the core technology in the five 
oxy-combustion process concepts for power generation with carbon dioxide capture presented in this paper. 
3. Process concepts incorporating OMCM technology 
The MCM reactor is integrated in five power cycles to provide flexibility, both in the extent of carbon capture and in 
polygeneration. The reference plant is considered to be a nominal 400 MWe size Combined Cycle Gas Turbine (CCGT) plant 
based on SIEMENS SGT5-4000F gas turbine and three pressure levels in the steam cycle. 
3.1. Concept 1 – Cycle with MCM reactor 
Air is compressed in the gas turbine to 17 bar and 420 ºC. This air is then preheated in a heat exchanger to initiate oxygen 
transport through the membrane. In the membrane section a percentage of oxygen in the air stream is transported to the sweep 
gas consisting of mainly carbon dioxide and water. Natural gas is combusted with oxygen contained in the sweep gas to generate 
heat in the combustion chamber.  Part of the sweep gas is bled off to keep the mass flow in the MCM reactor constant. Heat in 
this bleed gas is first exchanged with a minor part of the compressed air in a bleed gas exchanger. The bleed gas heat exchanger 
also forms part of the MCM reactor in this concept.  
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Figure 2:  Process block diagram of Concept 1 with MCM reactor 
Hot compressed depleted air, at 1275 ºC, enters the turbine to generate electrical power. The lower turbine inlet temperature is 
due to MCM material limitations that restrict the reactor outlet temperature to 1275 ºC. Waste heat in the turbine exhaust and the 
carbon dioxide containing bleed gas stream is recovered by generating steam. The steam is utilized for power generation in a 
steam turbine. A dual pressure steam cycle is used as the GT exhaust gas temperature (~425°C) is lower than normal (~600°C). 
The bleed gas is further cooled to condense water and separate carbon dioxide, which is compressed, condensed to liquid and 
then pumped to 110 bar. In this concept above 99% of the carbon dioxide is captured. The process diagram for this concept is 
shown in Figure 2. 
3.2. Concept 2 – Cycle  with MCM reactor and sequential burner 
 
Figure 3: Process block diagram of Concept 2 with MCM reactor and sequential burner 
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This cycle is similar to Concept 1, except that a sequential combustion chamber is included to increase the turbine inlet 
temperature to 1425 ºC to improve the performance of the power plant. Natural gas is used as fuel in the sequential burner and 
this leads to a reduction in the carbon dioxide capture rate of the process. At the turbine inlet temperature of 1425 ºC, the CO2 
capture rate is around 85%. The process diagram for this concept is shown in Figure 3. 
3.3. Concept 3 – Cycle with MCM reactor, bleed gas turbine and sequential burner 
 
Figure 4: Process block diagram of Concept 3 with MCM reactor, bleed gas turbine and sequential burner 
 
This cycle is similar to Concept 2. The bleed gas heat exchanger in Concept 2 is replaced with a bleed gas turbine to convert 
the pressure exergy of the bleed gas stream to work. The bleed gas is expanded to 1 bar in the bleed gas turbine. The process 
diagram for this concept is shown in Figure 4. 
 
All turbines above 800 ºC require cooling. In this case, it is not suitable to use air cooling. Medium pressure steam, extracted 
from the steam turbine, is used for cooling the bleed gas turbine. The coolant flow relations for semi-closed oxy-combustion 
cycles have been presented in Jordal et. al. [3] and Jonnson et. al. [4]. The coolant flow is taken to be 5 kg/s. 
3.4. Concept 4 – Cycle with MCM reactor, auto thermal reformer (ATR) and sequential burner 
 
Figure 5: Process block diagram of Concept 4 with MCM reactor, auto thermal reformer and sequential burner 
This cycle is similar to Concept 2, with the main difference being that the fuel to the sequential burner is a hydrogen rich 
stream rather than natural gas. An air-blown auto thermal reformer produces synthesis gas which is fed to a pre-combustion 
carbon dioxide capture process to provide the hydrogen rich fuel to the combustor. 99% of the carbon dioxide is captured in the 
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CO2 capture unit. The process diagram for this concept is shown in Figure 5. This concept can be used in a polygenration 
scenario where the synthesis gas from the reformer can be used to produce hydrogen or other chemicals. 
 
The first step of the reforming process consists of a pre-reformer where the higher hydrocarbons in natural gas, preheated to 
500 ºC in the HRSG, are converted to CH4, CO, CO2 and H2 in the presence of steam. A steam to carbon ratio of 1.3 is taken for 
the process. The product from the pre-reformer is preheated to 500 ºC in the HRSG and is fed to an air-blown auto thermal 
reformer where CH4 is converted to CO, CO2 and H2. The reformer product is sent to a two stage shift reactor train where CO is 
converted to CO2 and H2. The high temperature shift reactor’s inlet condition is set to 350 ºC and that of the low temperature 
shift is set to 225 ºC. 
 
The pre-combustion CO2 capture is based on the aMDEA process where piperazine is used as the activator. The temperature 
span in the aMDEA process is between 25 ºC and 120 ºC from the absorber to the reboiler. LP steam is extracted from the steam 
turbine to supply heat to the reboiler. The specific reboiler duty is taken to be 1.75 MJ/kg CO2 captured and the total energy 
consumption including pumps is 2.00 MJ/kg CO2. 
3.5. Concept 5 – Cycle with MCM reactor, bleed gas turbine, auto thermal reformer (ATR) and sequential burner. 
This cycle is a synthesis of Concepts 3 and 4 in that a bleed gas exchanger is replaced with a bleed gas turbine and hydrogen 
rich fuel from an ATR is used as fuel in the sequential burner. The process diagram for this concept is shown in Figure 6. The 
reforming and carbon capture processes in this cycle are the same as those for Concept 4. 
 
 
 
Figure 6: Process block diagram for Concept 5 with MCM reactor, bleed gas turbine, auto thermal reformer and sequential burner 
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4. Results and discussion 
The five concepts were modeled using Aspen HYSYS and GT PRO. HYSYS was used to model all process components 
except the power island, which was modeled using GT PRO. The thermodynamic performance of the five concepts is presented 
in Table 1. For comparison purposes, the reference NGCC has a net power output of 400.3 MW and an efficiency of 57.2% 
without CO2 capture.  
Table 1: Process simulation results for the five concepts 
 Concept 1 Concept 2 Concept 3 Concept 4 Concept 5 
Fuel thermal energy (MWth) 607.3 717.7 780.0 762.0 827.2 
GT power output (MWe) 181.4 230.4 227.1 232.0 227.9 
Steam turbine output(MWe) 125.5 162. 5 161.3 165.0 161.4 
Bleed gas turbine output (MWe) - - 61.3 - 62.9 
CO2 compression work (MWe) 4.5 4.5 14.4 7.4 22.2 
Net power output (MWe) 299.4 392.9 429.7 383.1 423.5 
Net Electric Efficiency (%) 49.3 53.3 55.1 50.3 51.2 
Carbon capture rate (%) 100 84.3 84.9 97.5 98.2 
 
The power output of Concept 1 is considerably lower than the reference case as the lower turbine inlet temperature in Concept 
1 causes a decrease in the gas turbine and steam turbine outputs. The efficiency decrease in Concept 1 is around 8 percentage 
points for 100% CO2 capture. 
 
The power output of Concept 2 is similar to that of the reference case as the turbine inlet temperature is adjusted to the 
nominal value using a sequential burner. This results in a carbon dioxide capture rate of 84.3%, while the efficiency decrease is 
around 4 percentage points compared to the reference case. The turbine inlet temperature can be varied using the sequential 
burner and this in turn changes the CO2 capture rate. Figure 7 presents the relation between efficiency and CO2 capture rate. 
Figure 7 shows that the penalty in efficiency to increase the capture rate decreases as we move towards higher capture rates. 
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Figure 7: Relation between net cycle efficiency and carbon dioxide capture rate for Concept 2. 
The power output of Concept 3 is higher than the previous concepts due to the power generated in the bleed gas turbine. At a 
bleed gas turbine discharge pressure of 1 bar and 5 kg/s coolant flow to the bleed gas turbine, the decrease in efficiency is 2 
percentage points compared to the reference cycle, while the CO2 capture rate is similar to Concept 2. The bleed gas turbine 
discharge pressure affects the CO2 compression work. Figure 8 presents the cycle efficiency when the discharge pressure is 
varied between 0.15 bar to 3 bar. The maximum efficiency occurs around 1 bar. To determine the sensitivity of the efficiency to 
the bleed gas turbine coolant flow, the flow of MP steam is varied between 3 and 10 kg/s. Figure 9 shows the results of this 
sensitivity study. The simulations show that there is a 1 percentage point difference in efficiency for the entire range. 
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Concepts 4 and 5 have power output similar to those of Concepts 2 and 3 respectively. The CO2 capture rates for these two 
concepts are 97.5% and 98.2% respectively while the decrease in efficiency is 7 and 6 percentage points compared to the 
reference cycle. The higher CO2 capture rate, compared to Concepts 2 and 3, is because the sequential combustion chamber 
burns a hydrogen rich stream and the CO2 capture rate downstream of the reforming process is 99%. The efficiency of Concepts 
4 and 5 can be improved slightly by decreasing the pre-combustion CO2 capture rate, leading to a small decrease in overall CO2 
capture rate for the cycle. This analysis has not been included in this work. 
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Figure 8: Effect of bleed gas turbine discharge pressure on the net cycle efficiency for Concept 3 
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Figure 9: Effect of coolant flow on net cycle efficiency for Concept 3 
The range of efficiency and CO2 capture rates of the five concepts can be visualized using Figure 10. These concepts present 
different options for power plant scenarios, with CO2 capture rates ranging from a 100% to 84.3% and efficiencies ranging from 
49.3% to 55.1%. 
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Figure 10: The five concepts represented in CO2 capture rate versus net cycle efficiency space 
5. Conclusion 
Thermodynamic evaluations for five concepts utilizing the MCM technology have been presented. These concepts present 
different options for power plant scenarios, with CO2 capture rates ranging from a 100% to 84.3% and efficiencies ranging from 
49.29% to 55.10%. These concepts have the highest efficiencies of all previously published results for large-scale power cycles 
using natural gas as fuel. 
 
Concept 3 with the MCM reactor, bleed gas turbine and sequential burner is the most efficient cycle. The bleed gas turbine is 
not a mature technology and process parameters for this equipment are not reliable. The sensitivity studies on process parameters 
show the effect of the parameters on the efficiency. Concept 2 with the MCM reactor and sequential burner is the next best as far 
as efficiency is concerned. It is also the second most simple process. 
 
Concepts 4 and 5 integrate an air blown ATR and a power cycle with OMCM technology, leading to a small increase in 
efficiency (compared to Concept 1) while increasing plant complexity. It must be noted that concepts 1, 4 and 5 are the three 
concepts with CO2 capture rates above 90%. Further, Concepts 4 and 5 are suited to polygeneration. 
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